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Summary

Intense jon beam neutralization bv sufficiently
cold, cc-moving and co-injected electrons is cruclal tc
Light Ion gnd important tc Heavy lun Inertial Confine-
men. Fusion (ICF) drivers for the ballisticallv feocused
propagation ontc + 5 mm radius targets located some 10 m
downstream. Methods of generating the beam neutraliza-
tion electrons with required properties are given i
the context of a Light Ion Fusion Experiment (LIFE:
dll!gged‘ accelerator. Recentlv derived envelope equa-~
tions‘ for neutralized and ballisticallv focuscd intense
ion beams are applied to the LIFE geometry in which
10 MeV He™ mulriple beamlets coalesce and undergo «5:1
radial compression while beam pulses experience a 20:1
axial compressior. in the propagationr range of 10 m.

For these rerresentative conditions, the theoretical
analvgis produces a raquirzment of the initial electron
temperature neutralizing thr ions as Tgo < 35 eV where
als> the initial icn temperature Ty, 1s correlated. Both
active and auto“-nzutralization methods ars examined and
found to produce initial electron tempera-ures consis-
tent with the requirement of the envelope ¢quatiovn for
both radial and axial adfabatic beam pulse ccmpressions.
The stabilit- of neutralized beam propagation s also
examined concerning the Pilerce tvpe electrostatic insta-
bilits and for the case of LIFE beams ‘t 18 founc to
have (nsignificany. effect. A scaled experimental setup
18 rresented wvhich can serve to perform near term tests
on thc ballistically focused propagation of neutralized
light ion beamy.

Neutralized Bcllistic Propagation of Intense Ion Beams

Thy xev properties of a 2 MJ Light lon ICF driver
whiih relies on neutralized and ballistically focused
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propagation are listed in Table I. The developed
source” and accelerator design' are rresented 1irn thase
proceedings: features of the neutralizer and ballistic
rrangporc ace given in the fellowing, Two-dimensicnal
numerlical simulations”™ have indicated the ncco=zait
launcning electrons whichk are co-located with rhe
othervise side-i1njected electrons heating rapridi- attain
an faitial temperature whizh is prohibitive to the
ballistic focusing cof neutralized intense icn beams.
A method of producing co-1ajected electrons with 1cns
{s shown in Figure 1. Tris neutralizer cell 1~ located
inmediat2lv adjacent tc the cutput oprics of a mulri-
aperture accelerator! frem whichk 1 A He™ beamlers at
3-10 MeV are emerxing for a t~tal of 2. kA current 1n
<00 ns pulses. The hallisticall: fcocuSed beamlets rpass
through the neutralizer cell in which He™ plasna 15 rre-
pulsed at a density of niplasma) ‘niream) - 100 gngd
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Figure 1. Method of Active Neutralization of Multiple

Ton Beams.
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Figure 2. Stages in Ballistically Focused and Neutra-

lized Multiple Ion Beam Propagation.

electron emission {s continually supplied by radially
located filaments. lon beam charge neutralization
occurs rapidly in the cell. In emerging bcams, elec-
trons are either accelerated by the moving space poten-
tial of ions (auto-neutralization)“ or by an applied
potential at the downstream gap of the cell, The stages
entering in the ballistically focused and neutralized
propagation of multiple ion beams are conceptually dis-
plaved in Fig. 2 showing the beam outnut optics section
of the accelerator system, the adjscent neutralizer cell,
the free propagation zone where distinct neutralied
beamlets undergo some axial pulse compression and Lae
critical propagation zone starting at z); where combined
beamlets undergo both axial and radial adiabatic compre-
ssfons in the course of ballistically focusing on
tarpets,  Considered {in the LIFE geomerry, the propagd-
tion range I. 48 10 m, z; » 8 m, R(Zl)/Rp = 45, 1,/2p 20
where v, and_ «p are the inftial and final beam pulse
lengths, Rp'T = R, Rp 1 the focused beam radius,

Ry = 5 mm {s a target radius and f s the fractionnl
area of the beam incident on targats.

tor intense and well neutralized ion beams where
Debve length Ap << R(z) or t(z), the neutralizing elec-
trons are trapped within the ion beam potential well,
same as a neutral gas is confined within a closed volume,
and adiabatically are neated as the volume shrinks by
radial and axial beam pulse compresaions: in order for
the beam to focus, the directad forces associated with
the beam'e radial and axial ballistic focusing must be
large e¢nough to overcome the pressures exerted by the
heated electrons. An envelope esquas.ion describing the
sirultaneous occurrence of both axial and radial com-
pressiona is obtained by assuming that sxial compression
is occurring in the atsence uf external or internal
forces at a constant rate and that bczh electrons and
fonn aze lLuaicd adiabatically, At the onset of beam
radial compression it is found that inequalities of
initial Tq, and Ty are quickly isotropized so that
elactrons are adiabatically heated in three dimencione
characterized by a specific heat ratio of yg = 3/).
Becauve the axial direcred eucre. of fons im very large
compared to any tempersture Tyy, the axisl motica of
fons is not significantly perturbed by the pressure of
electrons or the thermsl ion expansion so that che riee
in transverse ion temperatnre T{; occurs by adiabatic
heat ing in two dimensions which {s characterized by the
value of vy « 2, The sssociated envelope equation and
these conditiona are given by Eq. (1), (2) and (3), where
F, is the kinetic energy of lons and 0 1s the maximum
cenvergence angle in the ballistic focusing of beamlets,
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Figure 4. Plerce Instability Analysis for Neutralized

Ion Beam Propagation,
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Figure 6. Experimental Setur to Test Ballisricallv
Focused Propagaticn of Neutralized 1ight lon
Beams.

tan8 = a,/1L. BRquation 1 can he used with Ty = 0 to
obtain the limiting tolerable Teo as & funcrion of ra-
dial and axial compressions, the propsgation range, the
."mvergence angle and Ep, fo- a given initial beam over-
all radius a5. These calculations are shown in Fig. 3
for the case of LIPE beams, demonstraring that & Teo < 3%
eV will be required to ballistically focus 1002 of the
bean onto 5 == radius targets from a range of 10 m. The
correlated requirement in terms of initial Tqp and Tio
ies also obtained from Eq. 1 and showmn in Fig. 3, so that
values of Tip ~ & eV are acceptable. A rucent analysis
sppropristely made for this ICF ion propagation concer-
ning the Plerce type alectrostatic iratability? 1s also
spplied for the caee of LIFE baams and found to have an
ineignificarnt affect, as shown in Fig. 4., We note that
the 3-D haating of elactrons also enhances the validitv
of Eq. (1) for well neutralized b.lll. this 1» bcc.ynn
in 3-D the Debye length scalea as ip ~ T, (a(2))!/3

and the required insquality of .(:)9-/' *» ip {8 premer-
ved down to mm spot gize beams. Moreover, T4s cannot
rise by equilibracion with T, during us propagation
times since + 20 ms 18 needed for this.

In suto-neutralization thermal electrons are accu-
lerated to co-move with ions influenced by the space
chargas of co-located traversing ion beams. In 1-D nu-
merical simulations Humsphries“ gt g] have observed that
initially the potential experienced by alectrons oaci-
llates between ¢ = 0 and ¢ = 4 B vith perfodicity of
A= 2wvy/upe whare By = \I./H()!b. end after a few osci-
llations settles to ¢ = E,, producing both current and

OO-MOVING ELECTRON
TRAJECTORIES WITH I, = I,

EQUIPOTENTIAL LINES

A measure of the resulting
= 0.043 Ee, 80

= 20-60 eV for 3-10 MeV He™ bears. By acti-
vely sccelerating electrons in the manner shown in
Fig. 5 a Tec ™ 10 eV 1s deduced in a 2-D electrostatic
simulation for 10 MeV 1 A/cm“ beams. The Tep from
auto-neutralization could be reduced by ‘nictiatinz the
motion of co-located electrons at higher than thermal
speeds, say at Eq = 300 eV dire:ted energy, bv emplo-
ving the method ziven in ligures 1 and 5. A scaled
experimental setup is displaved in Fig. 6 wioich is
designed tc address the critical issues in the ballis-
ticallv focused propagation of neutralized light ieor
beams. Thic field of research 18 sc far lacking sig-
nificant inputs froa apprapriate exneriments vhich
would be relevant to both this light ion and the neavy
ion ICF dri.ers.
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